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Plant growth: Roots in the cell cycle
John Doonan
Overexpression in transgenic plants of a B-type cyclin —
thought to regulate cell-cycle progression to mitosis —
causes structures such as roots to grow faster than
normal, indicating that the rate of cell division may be a
constraint on plant growth.
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The rate and extent of growth clearly vary between species
and individuals, but the molecular basis of these variations
remains to be determined. A recent paper by Doerner et al.
[1] suggests that the rate at which cells divide may be a
crucial factor, at least in plants, for determining the rate of
growth. The authors have shown that overexpression in
transgenic plants of B-cyclin, a key regulator of the cell-
division cycle, increases the growth rate in roots. The more
we learn about how cell division is regulated, the more
complex the interweaving control pathways seem to
become. Much of this complexity, however, comes down
to the need to turn cyclin-dependent kinases (Cdks) —
which consist of a catalytic kinase subunit bound to a regu-
latory cyclin — on and off at the correct times for normal
progression from one stage of the cycle to the next.
Although the activation of many — perhaps all — Cdks
ultimately depends on post-translational modifications,
cyclin subunits are essential for their kinase activity [2].
The cyclin subunit also confers substrate specificity on
the kinase: several different classes of cyclin are now reco-
gnized — A to at least H — and each of these may bind to
one or more types of kinase subunit. The substrate specif-
icity or location of a Cdk can be dramatically altered
according to the type of cyclin in the complex. The avail-
ability of cyclin subunits often is restricted, by transla-
tional and/or transcriptional controls, to an appropriate
period of the cell cycle, and helps ensure that the kinase is
activated at the correct time. Inappropriate activation of
Cdks could be fatal if cells are not ready for the events
which they induce.
A less serious, but nonetheless startling, result that has
recently been reported by Doerner et al. [1] suggests that
the availability of a B-type cyclin is limiting for growth in
Arabidopsis roots. Doerner et al. [1] found that transgenic
plants overexpressing a B-type cyclin grew significantly
faster than wild-type plants. This is surprising, as B-type
cyclins are generally considered to act at the transition
between the second interphase ‘gap’ period (G2) and
mitosis (M), and therefore might not be expected to be
rate limiting for cell proliferation. In most cells the decision
whether to enter the cycle is made prior to S phase, when
the genomic DNA is replicated, and this is thought to be a
critical control point. However, progression through G2
may also be important in plants, where expression of B-
type cyclin genes is spatially restricted to proliferating
tissues and temporally restricted to G2 and M phases [1,3].
In yeast, the periodic accumulation of different cyclins at
different times during the cell cycle is part of the mecha-
nism which ensures that the cycle oscillates regularly [4]:
G2 cyclins enhance transcription of their own genes, while
inhibiting transcription of genes encoding G1 cyclins.
Doerner et al. [1] have succeeded in interfering with these,
or equivalent, mechanisms in plants by expressing a B-
type cyclin continuously from a cdc2 promoter. The cdc2
promoter functions primarily in proliferating tissues, such
as meristems [5], probably restricting the effects of the
ectopic cyclin to the meristem and therefore to those cells
which are physiologically competent to respond. Cells
divide less frequently as they progress towards differentia-
tion and the activity of the cdc2 promoter also declines.
This decline in activity probably means that in the trans-
genic plants, as in wild-type plants, the cells that express
the highest cyclin levels are those that are undetermined.
The induction of extra cell divisions within this popula-
tion would produce faster-growing plants, but is unlikely
to lead to developmental abnormalities. Inducing differ-
entiated plant cells to divide, as occurs in a number of
plant–pathogen interactions, usually has more severe
developmental consequences.
Perhaps the most surprising aspect of the results reported
by Doerner et al. [1] is that it is a G2 cyclin, as opposed to
a G1 cyclin, which produces faster-growing plants, and the
mechanism by which the extra cyclin leads to the produc-
tion of extra cells is therefore of considerable interest.
Overexpression of cyclins in mammalian cells either has
only minor effects on cell-cycle dynamics [6] or, in the
case of cyclin D, may induce tumours in certain tissues.
Transgenic mice overexpressing a D-type cyclin have a
tendency to develop adenocarcinomas [7], and G1 cyclins
have previously been implicated in a variety of other
cancers, as tumours have often been found to express
elevated levels of D-type cyclins [8].
How might extra B-cyclin induce proliferation in plants?
This is not known, but one possibility is that the extra
cyclin alleviates a G2 arrest or delay. This depends on the
capacity of plant cells to arrest in G2, as such cells are most
likely to be responsive to overexpression of a B-type cyclin.
The ectopic B-type cyclin may induce a proportion of the
G2-arrested cells to pass the G2/M transition, perhaps
inducing those leaving the meristem to undergo another
round of division. Although G2 arrest of plant cells has
been reported [9], its general physiological significance
within growing meristems remains unclear. Alternatively,
the extra cyclin may have effects in G1, either as a weak
activator of G1 Cdks or by sequestering Cdk inhibitory
factors. Analogous growth-enhancing effects of ‘knocking
out’ the gene for a Cdk inhibitor — p27 — in mice have
been reported by Jim Roberts at a recent cell-cycle
meeting (mentioned in [10]).
Regardless of the molecular basis of this phenomenon, the
results provide an interesting insight into plant develop-
ment. First, we need to consider how plants grow. Growth
ultimately depends on the activities of the primary meris-
tems, clusters of undifferentiated cells at the extremities of
roots and shoots. Proliferation provides cells both to main-
tain the meristem and for the construction of new differen-
tiated tissues. The developmental fate of cells within the
Arabidopsis root is at least partly specified by their position,
which is defined by their neighbours [11]. During root-hair
formation, for example, cell identity is determined only
after all mitotic activity has ceased, and is strongly influ-
enced by underlying cells (F. Berger and L. Dolan, pers-
onal communication). Differentiated tissues can therefore
be thought of as a template on which less mature cells are
induced to follow a particular fate [12]. 
The highly stereotypic and predictable cell divisions char-
acteristic of the root are consistent with the view that a
dynamic template extends into the root meristem [11]. So,
if extra cells are produced within the root meristem of
transgenic plants overexpressing a B-type cyclin, this
model predicts that they would be simply incorporated
into the normal developmental programme of the root and
would change its growth rate rather than its structure. If,
on the other hand, the extra cells are produced outside the
meristem, the lack of morphological effect is somewhat
more surprising and would suggest that plants are indeed
very tolerant of the numbers of cells required to build their
bodies.
That plants are tolerant of wide variation in cell number has
been demonstrated by Hemerly et al. [13], who made trans-
genic tobacco plants expressing a kinase-dead version of
Arabidopsis cdc2 kinase. The dead kinase can interact with
cyclins (and perhaps other proteins) and is thought to
compete with the endogenous cdc2 and thereby inhibit cell
division. The transgenic plants grew and developed surpris-
ingly well, despite a very significant reduction in the
number of cells. Cell expansion appeared to occur to a
greater than normal extent, compensating for the reduced
rate of cell division. This ‘increase’ in cell expansion may
be more apparent than real, because of the nature of the
mutation: this should arrest the cell-division cycle at the
G2/M boundary, but it may allow cell expansion to continue
normally, as the equivalent lesion does in fission yeast.
We can conclude that cell number per se is not critical in
plants, which can use fewer bigger cells to construct their
body plan or, if more cells are available, simply grow
faster. The relationship between the rate of cell division
and plant growth is clearly not simple, however, perhaps
reflecting the developmental plasticity that plants have
evolved to compensate for their inherent immobility.
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